Experimental and theoretical studies were carried out to investigate the spatial distribution of colloidal particles in magnetic fluids formed under the influence of magnetophoresis and gradient diffusion in strong magnetic fields. The analysis of experimental data shows that aggregates essentially change the concentration profile, making it nonlinear even in small (2 mm) magnetic fluid samples. Theoretical models, describing concentration profiles, are discussed. Good agreement between experimental and theoretical curves is observed in the case when aggregates contain on average 40-50 particles.
Introduction
Magnetic fluids have widespread application owing to their notable magnetic and rheological properties, which can change under the influence of external magnetic fields. Unfortunately, nonuniform magnetic fields cause stratification of magnetic colloids by virtue of magnetophoresis (the drift of magnetic particles and aggregates into the region of highest field intensity). The only kinetic mechanism, which equalizes concentration of particles and aggregates, is the gradient diffusion. The equilibrium spatial distribution of the magnetic phase in colloids is formed under the influence of these two competitive processes. We investigated experimentally and theoretically magnetophoresis of particles and aggregates in a thin layer of magnetic fluids under the influence of a strong nonuniform magnetic field. The primary emphasis in our work was placed on the role of nanoscopic aggregates formed under the action of magnetodipole and van der Waals forces.
Theoretical model
We made our theoretical investigation of magnetophoresis in the framework of two fraction model. The first fraction contains single particles. The second fraction contains aggregates. The polydispersity of particles is neglected, because in the linear concentration approximation an increase in the particle s effective viscosity and mobility ratio depends on the volume concentration of the solid phase regardless of particle polydispersity. Also there is a small (inversely proportional) dependence of the diffusion constant on the particle dimension and computer simulations are in good agreement with the experimental results when the mean diameter of particles is used. In earlier study [1] , this model was successfully used to describe the results of diffusion experiments with dilute solutions. At first sight, this model is less appropriate for description of magnetophoresis, because the respective force f 1 , acting on the particle in the nonuniform magnetic field, is proportional to the magnetic moment m (i.e. to the cube of the magnetic diameter) [2] , which seems to be a strong dependence. Nevertheless, the following two arguments help us to prove the applicability of the two fraction model to our investigation. First, the largest particles, which make significant contribution to colloid magnetization, gather into aggregates (they are taken into account in the framework of two fraction model). Second, small particles, making small contribution to magnetization can be taken into account approximately (or even neglected). The rest particles are described by a narrow segment of the size distribution function and can be considered as one fraction in the framework of the two fraction model. According to the model we must write two equations for the fluxes of single particles and aggregates respectively. The volume density j 1 of the diffusion flux of the individual particles in the isothermal magnetic fluid is given by [2] 
where 
The constant C 1 defines the mean volume fraction of single particles and can be calculated from the normalization condition. Now let us write the equation for magnetophoresis of aggregates. In the case of strong magnetic fields we approximate the shape of aggregates containing a large number N of single-domain particles by the elongated ellipsoid of revolution. High concentration of particles in the aggregate essentially increases the role of interactions of their magnetic moments. These interactions contribute greatly to the magnetization of the aggregate in weak magnetic fields and can be taken into account, for example, in the framework of the modified mean-field theory [3] . Nevertheless, in strong magnetic fields the inter-particle interactions make negligible contribution (~nkT/( 0 H 2 )) to equilibrium magnetization, where n is the numerical density of particles. In the conditions of our experiment it didn t exceed 0.6%. In this case the mean contribution of each particle to the total magnetic moment of the aggregate is mL( ), and the force, acting on the aggregate in the heterogeneous magnetic field is N times larger, than the force in the case of a single particle
This force initiates an ordered motion of the aggregates (magnetophoresis). With allowance made for diffusion the total flux of aggregates can be defined by
where D 2 =b 2 kT is the diffusion constant of aggregates, 2 is the volume fraction of aggregated particles and b 2 is the mobility of aggregates. Thus, in the framework of the two fraction model (single particles+aggregates) the spatial distribution of the magnetic phase is given by
and the dynamics of magnetophoresis is described by the standard diffusion equation
As a matter of fact, the external magnetic field makes the mobility and diffusion constant of single particles and aggregates anisotropic. It was earlier shown [4] that mobility anisotropy of single particles can be neglected. The influence of this anisotropy on the constant of particle diffusion is an order of magnitude less than that of the thermodynamic force. The influence of thermodynamic forces is proportional to concentration of particles and in the case of dilute solutions can be neglected. Thus, the influence of mobility anisotropy of single particles can be neglected as well. The mobility anisotropy of aggregates is related with the shape anisotropy and for elongated ellipsoid of revolution is known [5] . Let us denote the packing index of particles (the ratio of the total volume of N particles to the volume of the aggregate) as . Then the radius of the equivalent sphere is R=R 1 (N/ ) 1/3 , where R 1 is the radius of a single particle. The constant of the aggregate diffusion is then given by
where K( ) is the ratio of ellipsoid mobility to the mobility of the equivalent (identical volume) sphere.
Experiment
Experiments were made with thin layers of magnetic fluids placed in the gradient magnetic field. In experiments we used magnetic fluids of the magnetite oleic acid kerosen type. The volume concentration of the solid phase in the fluids varied in the 2-5% range. The fluids were placed into a square hermetic measuring cell 2 mm wide. The thickness of the cell depended on the concentration of the samples and was varied in the rage from 0.02 to 0.2 mm in order to optimize the relative sensitivity of the setup The external magnetic field was oriented along the elongated layer, so that the magnetic fields inside and outside the cell had equal intensity. The layer was placed horizontally to avoid gravitational stratification of the fluids. The average value of the field intensity inside the measuring cell was 9.47·10 4 A/m, and the homogeneous gradient of the magnetizing force was 2.96·10 6 /m 2 . Concentration of the magnetic phase was measured by the photometric method. The volume concentration of the magnetite was calculated by the Bouger-Lambert-Beer law. During measurements the laser beam (0.02 mm thick) was directed perpendicular to the fluid layer and moved with the help of the micrometric screw. In our experiments we specified the length of the measuring cell x 0 and the gradient of the magnetic field to gain linear concentration profile in the state of equilibrium. The measuring cell was rather small compared to the height of the barometr distribution. Due to the presence of the aggregates, the obtained concentration profile was nonlinear. The degree of nonlinearity (e.g. the curvature of the profile) carries information about the quantity of aggregates in the fluid. In practice we expanded the concentration profiles in terms of the Legendre polynomials (x,t)=< >+k 1 (t)P 1 (x)+ k 2 (t)P 2 (x)+... ,
where k i (t) are the Legendre polynomial expansion coefficients. The k 1 (t) coefficient in front of the linear term characterizes the total concentration drop of the magnetite along the measuring cell. The k 2 (t) coefficient in front of the second polynomial characterizes curvature of the concentration profile. To test this methodology we carried out numerical simulation of the experiment. The dynamic equation (6) was solved numerically with the finite volume method. To plot time dependences of k 1 and k 2 ( Fig. 1) , the concentration profiles calculated at various time points were expanded in terms of the Legendre polynomials (8). As shown in Fig. 1 , in the presence of aggregates the behaviour of the coefficient k 2 changes qualitatively. The curve k 2 (t) shows an ascending segment, the height of which depends on the quantity of the aggregates. Fig. 2 illustrates the experimental results for one of the samples, which point clearly to the presence of aggregates. After applying the procedure of model parameter fitting we have found that the aggregates contain on average 40-50 particles and the ratio of semiaxes of equivalent ellipsoid is 0.7. 
Conclusion
We studied the stratification of magnetic fluids under the influence of magnetophoresis and gradient diffusion. Experimental data show that aggregates make the concentration profiles nonlinear even in small samples. Good agreement between experiment and two fraction model theory is observed when aggregates are ellipsoidal and contain on average 40-50 particles. Our results are in good agreement with the results of diffusion experiments [1] and cluster analysis [6] .
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